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ABSTRACT

Synthesis, isolation, and characterization of isomerically pure syn- and anti-anthradiindole (ADI) derivatives are described. The anti- and syn-ADI
structures are demonstrated by '3C NMR spectroscopy and by single-crystal X-ray diffraction. The spectroscopic and electrochemical properties
as well as the stability of these newly synthesized 7-conjugated systems are evaluated and supported by quantum-chemical calculations.

Fused linear (hetero)acenes' are among the most used
semiconductors in organic electronics. An important li-
brary of those derivatives showing good electronic proper-
ties is now available for OFET,? solar cell,> and OLED*
applications, going from the well-known pentacene’ to
its structural analogues including heteroatoms in their
conjugated sr-systems such as anthradithiophenes (ADT)
derivatives.®
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Over the past 2 years, intensive work has been carried
out in order to produce isomerically pure (hetero)acene’
instead of mixtures of syn- and anti-isomers isolated during
previous decades.**®® For instance, we have previously
reported the first synthesis of pure dialkyl-substituted
anti-ADT.” Indeed, materials obtained from pure isomer
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derivatives are supposed to allow higher mobilities in
OFETs. Recently, Takimiya and co-workers have thus
reported the synthesis of pure anti-anthradiselenophene
and anti-anthradifuran as well as their FET characteri-
zations.”® Although many studies have been described on
anthradichalcogenophene (ADC) derivatives including
sulfur, oxygen, or selenium atoms, the synthesis of anthra-
diindole (ADI) including nitrogen atoms remains un-
known. In this context, we have been interested in the
preparation and separation of the first isomerically pure
syn- and anti-isomers of ADI derivatives. In order to fulfill
solubility requirements and to slow down the unavoidable
photoinduced degradation of the ADI, octyl chains were
attached on nitrogen atoms and thienyl groups were
substituted on the aromatic ring located in the center of
their backbones, respectively. Indeed, it has been shown
for ADC derivatives that the presence of substituents such
as silyl, thienyl, or phenyl derivatives on the center of their
aromatic cores (5,11-positions for pentacene or ADT, for
instance) considerably improve their stability toward
photo-oxidation.’ The spectroscopic and electrochemical
properties of these semiconductors were evaluated and
supported by quantum-chemical calculations.

ADI derivatives were synthesized as presented in
Scheme 1. 1-Octyl-1H-indole-3-carboxaldehyde (2) was
synthesized in 92% yield by reaction of l-iodooctane
with 1H-indole-3-carboxaldehyde (1) in the presence of
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potassium carbonate. Then, the dialdehyde derivative 3
was prepared in 55% yield through four one-pot successive
steps by analogy to a procedure described in the literature'”
for the synthesis of 1,2-dimethyl-1H-indole-3-carboxalde-
hyde. Compound 2 reacted with lithium 4-methylpiperazin-
1-ide (formed in situ by reaction of 1-methylpiperazine
with n-BuLi) to afford intermediate 2a, which was then
lithiated using an excess of n-BuLi to give 2b. 1-Octyl-1H-
indole-2,3-dicarbaldehyde (3) was then obtained by reac-
tion of the lithiated intermediate 2b with N,N-dimethyl-
formamide, after hydrolysis. Condensation of the di-
aldehyde 3 with cyclohexane-1,4-dione in a 5% aq KOH/
ethanol mixture provided quinones 4a,b as a mixture. The
two isomers were then separated and purified by column
chromatography to give compounds 4a and 4bin 18% and
30% yields, respectively. It can be noticed that the con-
densation reaction has been performed several times, and
in each case, for unknown reasons, anti/syn ADI isomers
were always formed in a 1:2 ratio (anti/syn).

The isomers 4a and 4b present similar 'H NMR spectra
which provide no sufficient information for their identifi-
cation (Figure S13, Supporting Information). On the
contrary, '°C NMR spectra (Figure S14, Supporting
Information) of those two derivatives are slightly different
in the C=0 chemical shifts region since in the first spec-
trum only one signal was observed and in the second one
two signals were present. From a structural point of view,
the anti-isomer possesses a C, symmetry, and the syn-
isomer belongs to the C,, symmetrical group. Therefore,
only one NMR signal is expected for the C=O carbon
atoms in the anti-isomer '>*C NMR spectrum whereas two
signals should be observed for the same carbon atoms in
the syn-isomer one. Thus, the anti-isomer 4a is assigned to
the compound with one signal at §c—py = 183.7 ppm and
the syn-isomer 4b is identified as the derivative which
shows two C=O signals at dc=0) = 184.3 ppm and
183.0 ppm in its *C NMR spectrum.

The structural identification of both isomers were also
independently confirmed by their structure determination by
single-crystal X-ray diffraction. Single crystals were obtained
by solvent evaporation from a THF solution for 4a and by
slow diffusion of methanol into chloroform solution of the
compound for 4b (see the Supporting Information).

Finally, ADI 5a (deep red solid) or 5b (deep red waxy
solid) were achieved in 83% and 76% yield, respectively,
by reaction of quinones 4a or 4b with the corresponding
lithium intermediates of thiophene, followed by reduction/
deoxygenation using SnCl, in 6 M HCl,q solution.

All compounds possess good solubilitities (up to 10~ M)
in several common organic solvents such as chloroform,
dichloromethane, toluene, and tetrahydrofuran and were
fully characterized by NMR and optical spectroscopies,
mass spectrometry, and cyclic voltammetry (for 5a,b).
Optical measurements were performed from chloroform
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Scheme 1. Synthesis of Isomerically Pure anti- and syn-ADI Derivatives 5a,b
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Table 1. Experimental Optical Data, Oxidation Potential Values E1, = (Epc + Epy)/2in V (vs Fc'/Fc couple) of ADI Derivatives 5a,b in
CH,Cl, Solution Containing 0.1 M of TBAPFg at a Scan Rate of 100 mV-s ' and Their Estimated HOMO Energy Levels (eV), Calculated
Vertical Transition Energies (A Eyericar) to the Lowest Excited State as Well as Calculated HOMO and LUMO Values of 5a,b in the Gas Phase

experimental theoretical
Aabs Aem” Egb Ex1i AE=E,—-E,, E,» Ey HOMO’ AEvertical HOMO LUMO
compd [nm (eV)] [nm(eV)] (V) (V) (mV) V) V) (eV) [nm (eV)] (eV) (eV)
anti-ADI 5a 563 (2.20) 575(2.16) 2.18 0.03 35 0.62 —5.13 552 (2.25) —4.45 -1.85
syn-ADI 5b 556 (2.23) 568(2.18) 2.21 0.05 47 0.70¢ 0.87¢ -5.15 541 (2.29) —4.47 —1.82

a
}“excitution

= Japs Of the lowest energy band. ” Optical bandgaps determined from the intersection between normalized absorption and emisson

spectra. “HOMO energy levels are estimated from the first oxidation potential waves according to HOMO = —(5.1 + E,y;).!" ¢ With the potential

measured on the oxidation wave maximum.

solutions of the compounds and were compared to theo-
retical simulations. To do so, geometry optimizations was
performed at the density functional theory (DFT) level,
using the B3LYP functional'? and the 6-31G(d,p) basis set.
The octyl chains attached on the nitrogen atoms of the
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ADI skeleton were replaced by methyl groups in the
geometry optimizations to reduce the computational costs
since they do not contribute to the description of the frontier
electronic levels and hence the first absorption peaks. The
pendant thiophene units are found to be perpendicular to

Org. Lett,, Vol. 15, No. 2, 2013
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the conjugated core in the optimized geometry, i.e., 92° and
91° for anti-ADI 5a and syn-ADI 5b, respectively. The
vertical transition energies to the lowest excited states of
the isolated compounds were computed from the optimized
geometries with the time-dependent density functional the-
ory (TD-DFT) formalism'® using the same functional
and basis set. The Gaussian 09 package was used for all
calculations.'® anti-ADI 5a exhibits an absorption spectral
profile similar to those of ADC showing an intense band
below 400 nm and additional peaks located at lower energies
(Figure S2, Supporting Information).?® In the case of syn-
ADI 5b, two intense bands are observed below 400 nm in
agreement with the calculated transition energies (Figure
S2¢, Supporting Information), and as for its isomer counter-
part, several waves are present in the 400—600 nm range.
For both isomers, beyond 500 nm, the calculations yield a
single optically coupled excited state involving a HOMO to
LUMO electronic transition; therefore, the additional waves
observed are assigned to vibronic satellites (Figure S2,
Supporting Information). Small bathochromic shifts of
7 nm of the absorption and emission maxima are observed
going from syn-ADI 5b to anti-ADI 5a. The calculated
transition energies follow the same behavior going from Sb
to 5a (11 nm (0.04 eV)). The optical band gaps, listed in
Table 1, were estimated from the intersection of the normal-
ized absorption and emission spectra of ADI derivatives and
are around 2.20 eV for both isomers.

It was previously demonstrated that the reaction involved
in the photoinduced degradation of fused linear (hetero)-
acenes can be compared to a Diels—Alder cycloaddition
between the most reactive central ring of the (hetero)acenes
and the O, singlet formed upon UV —vis irradiation, which
leads to the formation of an endoperoxide bridge.” There-
by, the stability of ADI derivatives toward photo-oxidation
was investigated by monitoring the absorbance decay of
107> M chloroform solutions and spin-coated thin films of
ADI 5a,b stored in the dark at room temperature, under
ambient atmosphere and exposed to 10 cm of an 8W
UV—vis lamp (A4, = 254 nm, 1, = 366 nm). In solution,
both isomers present similar low stability toward photo-
oxidation since their absorption decay is about 50% after
25 s of UV—vis lamp exposure (Figure S3, Supporting
Information). It can also be noticed that upon irradiation
of the syn-isomer 5b a new broad band located around
690 nm appears. This latter band might be due to the forma-
tion of a radical-cation consecutive to an oxidation of the
molecule.'® Several isosbectic points were noted in the
UV-—vis spectrum of 5a, thus indicating the coexistence in
solution of two species: the starting derivative and its
corresponding photo-oxidized species. Such phenomenon
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is, however, not observed for 5b. This might imply that the
degradation of the latter occurs following a more complex
mechanism. In opposition, in thin films the stability of both
ADI isomers are very different since anti-ADI 5a is much
more stable than syn-ADI Sb by about a factor 3.6. For 50%
of absorbance decay of the lowest energy bands of Sa and 5b,
their stability is about 5400 and 1500 s, respectively (Figure S4,
Supporting Information). A comparison of the X-ray powder
diffraction patterns of both isomers isillustrated in Figure S32
(Supporting Information). For anti-ADI 5a, several diffrac-
tion peaks characteristic of a crystalline solid are observed
while for syn-ADI 5b only an amorphous halo is noticed.
Therefore, a better packing of the anti-ADI isomer 5a in the
solid state is likely responsible of its higher photoresistance,
the most reactive position becoming less accessible.

The electrochemical properties of ADI derivatives 5a,b
were studied using cyclic voltammetry (Figure S33, Sup-
porting Information) and are collected in Table 1. All
measurements were also performed in a glovebox under
argon atmosphere (O, < 1 ppm) in order to avoid the
presence in solution of the photo-oxidized corresponding
species of 5a,b. anti-ADI 5a present two reversible waves at

Ey = 0.03Vand E,y, = 0.62V (vs Fc™/Fc couple) which
are ascribed to the oxidation of 5a into the corresponding
radical-cation and dication species, respectively. syn-ADI
5b exhibits also multiple oxidative processes (Eyx; = 0.05V,

Eyo» = 0.70 Vand E.; = 0.87V, vs Fc™/Fc couple) with
the first reversible one at comparable potential with respect
to its isomer counterpart. This corroborates the similar
stability observed in solution for both isomers 5a,b toward
the photo-oxidation since E,y 52 & Eoxisp.

In conclusion, pure syn- and anti-anthradiindole (ADI)
were synthesized with global yields of 11.5% and 7.6%,
respectively. The isomeric configurations of ADI derivatives
were proven by °C NMR as well as by X-ray diffraction
experiments on single crystals of the quinone precursors 4a,
b. Both isomers present similar stability in solution toward
photooxidation, while in thin films the anti-ADI isomer is
more resistant due to a better organization in the solid state.
The synthetic work described herein offers the opportunity
for further studies on the performance of anti- and syn-ADI
derivatives in organic field-effect transistors.
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